A gradient theory of thermo-viscoplastic instability in simple shear is applied to analyze the formation of localized chips in orthogonal machining. Parameters for estimating shear band width and shear band spacing are derived based on the theory in terms of associated cutting conditions and properties of the workpiece material. These parameters, including the shear localized parameter (describing the competition between strain hardening and thermal softening), are used to investigate the effect of cutting conditions on the onset of shear localization and the formation of adiabatic shear banding in metal cutting. It is found that the predicted shear band spacing increases with the feed rate and the decrease of cutting speed. The results agree well with the experimental observations found in the literature.
INTRODUCTION
Traditional machining operations such as turning, milling, and broaching remove/cut material through a shearing process. The performance of these cutting operations is often characterized by such measures as machined surface finish, cutting force, tool life, and the part dimensions produced by the process. Most of the parameters are related to the chip formation process in some way. Two of the most common chip morphologies are the continuous and the discontinuous or serrated chip. Serrated chip formation is related to the localization of plastic flow by shear, which occurs periodically along the length of the chips [1] . Traditionally, most investigations of metal cutting have focused on continuous chip which is relatively stable, and hence simple to analyze [2, 3] . However, as described in [4] [5] [6] a continuous chip is not commonly formed in practice. Moreover, it can interfere with the machining process causing some flaws and damage on the machined surface, cutting or machine tool, or even injuries to the operator; thus, production efficiency may have to be reduced. A serrated chip is easier to break and dispose during automated machining. Therefore, predicting the cutting conditions that lead to a serrated
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Theoretical analyses on the mechanisms of shear localization in chips are limited. Semiatin and Jonas[1] adopted the flow localization parameter combined with the maximum shear stress criterion to predict and judge the onset of the formation of serrated chips. Based on the above work, Xie et al. [4] correlated the flow localization parameter with associated cutting conditions. It is relatively simple to predict the onset of shear localization in the chip. However, this does not answer the questions for the width of shear band, the average distance between shear bands and the relation of these quantities to the cutting conditions. A gradient theory for the localization of deformation has been proposed recently [7] [8] [9] [10] in order to predict the width and spacing of shear bands. This theory was applied to the case of adiabatic shear banding [11] (see also [12] ) for obtaining both the critical conditions and the evolution of shear band, along with the corresponding stress-strain relation in the post-localization regime. This theory not only generalized all previous work on thermoplastic shear instability [13] [14] [15] but also provided them with an internal deformation length scale which was both physically motivated and mathematically necessary for making reasonable comparisons with experimental observations.
In the present paper we analyze the chip instability and chip formation in orthogonal machining based on the aforementioned gradient theory of thermoviscoplastic instability in simple shear ( [10] [11] [12] , [16] ). A mechanical model is developed to predict quantitatively the critical cutting conditions for the onset of serrated chips, the width of shear band formed, and the spacing of shear bands appearing on the chip. The relationships between these parameters and cutting conditions are established.
Rake Angle α
LINEAR STABILITY ANALYSIS OF CHIP FORMATION IN ORTHOGONAL CUTTING
As shown in Figure 1 , under the plane strain conditions of orthogonal cutting, shear localization in a chip may initiate along the zero extension direction, x, which is at an angle of (p(shear zone angle) to the cutting speed direction. During steady state cutting, the cross-sectional area of the shear zone does not change with position. The width of the shear zone is very small compared to the chip thickness. Thus, the problem of localization of deformation in the shear zone can be considered as one dimensional.
In [ll] (see also [9] , [10] , [16] ) a discussion was provided about the formation of adiabatic shear banding in one-dimension from both analytical and numerical points of view. We adopt this analysis and extend the results for the description of serrated chip and associated shear band formation in orthogonal machining.
The basic constitutive equation adopted is
where τ, γ and θ are respectively, the shear stress, the plastic shear strain, and the temperature. A superimposed dot denotes material time derivative and the subscript y indicates partial differentiation. The function κ is the flow stress accounting for the effects of strain hardening, strain rate sensitivity and thermal softening and c is a force-like coefficient accounting for the effect of strain gradients. While κ measures the homogeneous response of the material, c is important when the deformation field develops considerable heterogeneities as in the case of shear banding.
The basic field equations describing compatibility, momentum balance and energy balance are Ύ = V τ γ = ρν, pc v 9 = kQ yy + βτγ (2) where ν, p, c v , and k denote, respectively, particle velocity (in the xdirection), mass density, specific heat, and thermal conductivity. The coefficient β denotes the ratio of the plastic energy converted to heat and the thermal conductivity. Next, we consider perturbations of the form
from the time-dependent homogeneous solution (v°, Θ 0 ) of Eqs (1) and (2), i.e., ν = ν° + δν, θ = θ° + δθ (4) where (ν, θ) are the amplitude of the perturbation, ω is the corresponding growth rate and q is the. wave number. The stability of the deformation is now determined by the sign of the real part of ω, which obeys the following characteristic cubic equation 
and (7) The quantities h, s, Φ are the strain hardening, the strain rate sensitivity and thermal softening parameters, respectively. The coefficient Η is the slope of the stress-strain curve representing the total effective hardening which is due to the competition of strain hardening and thermal softening. According to the Routh-Hurwitz theorem, if A<0or C<0orA5-C<0 then at least one of the roots of (5) has a positive real part, indicating unstable deformation. Since A, C> 0 and for high strain rates it can be shown that |Aß| »C , the critical point is determined by 5 = 0, yielding Thus, for a meaningful non-zero q, the instability occurs at the softening region of the stress-strain curve (H<0). Eq.(8) also shows that for a fixed wave number, an increase in the value of cork has a similar effect on delaying the initiation of the instability. Next, we introduce a normalized parameter λ, referred to as the shear localization parameter, defined as where μ = is a normalized strain hardening parameter. We see later that λ indicates the degree at which thermal softening outweighs strain hardening and its importance in shear instability analysis for serrated chips will be clear later.
From (8) we conclude that the shear instability occurs at the softening region of the stress-strain curve, i.e. {H< 0); i.e. λ>0 . The inverse of the wave number q gives a wavelength which can be viewed as the appropriate internal length associated with the inhomogeneous deformation pattern. Based on Eq. (8), an internal length scale can be obtained for a given critical Η or λ , is the strain rate sensitivity parameter.lt can thus be argued 3ΐηγ that the shear band width w would be proportional to the internal length [ll] .
where Γ is a material constant. It is of interest to seek the preferred wave number q p for which the corresponding growth rate ω ρ >0 is a maximum. In addition to the characteristic eqn., (5) The characteristic time for a fully developed shear band can then be estimated as
•'-^-rr-s-Sii = '< (16) which is similar to the estimate obtained in [13] but on the basis of a simple argument based on a quadratic characteristic equation. The characteristic time t c depends directly on the strain-rate hardening coefficient m , the strain-rate γ and the parameter λ. As mentioned earlier, the value of λ (in the region λ > 0) reflects the extent to which thermal softening outweighs strain hardening. The effect of λ on the shear band width and the characteristic time for the formation of a fully developed shear band is rather strong according to (11) and (16) . The shear band width and the time needed for shear band formation decrease very rapidly with the increase of λ .
THE EFFECTS OF CUTTING CONDITIONS ON CHIP LOCALIZATION
To utilize the estimates provide by (11) and (16) we need to evaluate λ which is defined in (9) . All terms in the expression for λ, expect » are material properties that depend on γ, γ and θ and thus can be determined by means of conventional mechanical tests. What we need to evaluate then is the rate of temperature change during deformation in the shear zone. It is ay assumed that almost all of the plastic energy is converted into heat which, in turn, is carried away by two means: one portion is transferred to the tool and workpiece and the other portion is convected away by the chip. Consequently, the average temperature rise in the shear zone, Θ, can be expressed as [17] where β is the ratio of plastic energy converted to heat, η is the fraction of heat transferred to the chip, tool and workpiece while shearing and ζ = l-η is the fraction of heat remaining in the shear zone.[Eq.(18) may be viewed as a result of an appropriate integration of the energy equation (2) with the use of suitable boundary conditions]. According to [18] , ζ can be estimated from the expression ζ = -J=, R * = T (18) 1 + 1.328 P-*Ir* where γ denotes, as usual, the shear strain in the shear zone and the parameter R* is commonly known as the thermal number; it is also defined in terms of the thermal conductivity k, the cutting velocity V and the feed rate /. By combining (17) and (18),we obtain 
where, η is the strain-hardening exponent entering in the assumed power-law expression for the flow stress τ «γ". Upon substitution of (19) into (9) which is in terms of the quantities defining the associated cutting conditions and the material properties of the workpiece. The shear band spacing is defined as the average distance between the center-line of two consecutive shear bands. It can be used to depict how frequently the shear bands are generated during the chip formation process. If we approximate the characteristic time expressed in (16) as the time of shear band formation, then the average distance between shear bands can be estimated as
where V c is the chip flow velocity. where φ, a and Ay are the shear plane angle, the rake angle and the size of the shear zone (Figure 1) . Usually, the size of the shear zone is assumed to be proportional to the uncut chip thickness which is equal to the feed rate f,
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Upon inserting (23) and (24) into (22), we obtain where Xj is a new material constant which is the product of χ and the proportionality factor in (24).
The shear band width can be expressed, on the basis of (11), (23) and (24), as where Tj is a material constant which is the product of Γ and the square root of the proportionality factor in (24) . Here we took into account only the thermal diffusivity effect due to the heat conduction (c = 0). It must be emphasized that the "diffusive" effect associated with the strain gradients (c * 0) is much stronger than that of the heat conduction in the postlocalization regime [16] and it will be considered in the future.
The effect of λ on the shear band width and the shear band spacing are rather strong according to (26) (ii)For large λ (λ-»<»), we have Physically, it means that there are severely localized shear bands in the chip which appear very frequently. In actuality, the situation is between the two extremes. Thus, there exists a critical value X c at which a transition occurs from continuous to severely localized chip formation. Future research will examine the implications of a critical condition more general than (8) that results from a proper consideration of diffusive effects due to strain gradients [16] .
RESULTS AND ANALYSIS
To evaluate the parameters associated with the onset of shear instability and chip localization, specific materials are required. Here we choose two commonly used materials: AISI-304 Steel and Ti-6A1-4V alloy. The material properties of the two materials are shown in Table 1 below [6] . Given a rake angle α, the shear angle φ can be determined by the theory of [20] 
where Δ is the ratio of the shear yield strength to the ultimate strength. The ratios for AISI-304 steel and Ti-6A1-4V alloy are 0.682 and 0.871,respectively. Then the shear strain γ can be calculated from the relation
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In order to compare the predicted results with the experimental ones in [5] , we choose a rake angle to be 8° to match the set up in [5] . The estimated shear plastic strain for the two kinds of materials are in both cases more than 2. This is, indeed, a very large plastic deformation concentrated in the narrow shear zone. When the strain rate in the shear zone is high enough such that the temperature rise due to dissipative plastic work is mostly limited in the deformed material, then material softening occurs. In fact, if the strength loss becomes greater than the increase in strength due to hardening, the deformation will become unstable and localized. Therefore, the shear localization parameter, λ, reflecting quantitatively the extent to which thermal softening outweighs strain hardening, is an important parameter for studying the shear instability during localized chip formation. Higher values of λ correspond to higher tendency for chip localization. According to (20) λ is determined by the mechanical properties of the workpiece material and the cutting conditions. For fixed cutting conditions the value of λ is dependent on the material properties of strain hardening and thermal softening. The value of λ for the Ti-6A1-4V alloy is approximately two times larger than that of AISI-304 steel for typical cutting conditions according to Figure 2 . From Table  1 we see that the strain hardening exponent η of the Ti-6A1-4V alloy is one order less than that of AISI-304 steel. Furthermore, the thermal diffusivity k of Ti-6Al-4V is slight smaller than that of AISI-304 steel. This means that the Ti-6A1-4V alloy has smaller strain hardening and larger thermal softening parameters than the AISI-304 steel. This is why this alloy is more prone to localized chip formation. For a particular material and specific cutting tool geometry, the value of λ is determined uniquely by the product of cutting speed and feed rate, i.e. Vf, commonly known as the chip flow. It is found in Figure 2 that λ increases monotonically with the increase of chip flow. When the chip flow is very small, λ will have a negative or very small positive value, hence, no localized chip occurs. Large chip flow rates can offset the thermal conduction process, thus increasing λ causes the shear zone temperature rise, leading eventually to localized chip formation. When the chip flow increases from a small to a large value, the chip experiences a transition from a continuous to localized or discontinuous process. There exists a critical value of chip flow at which the transition from continuous chip to localized chip occurs. The cutting velocity V and feed rate f have the similar effects on the shear localized parameter λ . However, they play quite different roles on the formation of localized chips. In fact, from (25) and (26) we see that the shear band spacing and width not only depend on the shear localization parameter λ but also on the cutting speed V and the feed rate f. Figure 3 shows the relationships between the internal length scales (to which the shear band width is proportional) and the cutting velocity at different feed rates for Ti-6A1-4V and AISI-304 steel. It is found that the internal length scales decrease rapidly with the increase of cutting speed and increase sightly with the increase of feed rate. In other words, increasing the cutting speed assists significantly the formation of localized chip, while increasing the feed rate will delay it. As mentioned before shear instability and localization is caused by intense plastic deformation at high strain rates. The strain rate increases with the increase of cutting speed and decreases with the increase of the shear zone thickness. But the shear zone thickness is proportional to the uncut chip thickness which is directly defined by the feed rate in orthogonal cutting. So the strain rate decreases with the feed rate. These are some of the main reasons for the different effects of the cutting speed and feed rate on the formation of localized chips. Figure 4 gives a comparison between the predicted shear band spacing and corresponding experimental results. The material constant χ 1 for Ti-6Al-4V and AISI-304 stainless steel is determined by fitting the experimental data at V=0.5m/s and V=lm/s, respectively. It has the value of 32 for Ti-6Al-4V and of The results show that the shear band spacing increases almost linearly with the feed rate and decreases with the cutting speed. This is due to the fact that both increase of the cutting speed and decrease of the feed rate increase the strain rate which, in turn, reduces the characteristic time for shear band formation and, therefore, reduces the shear band spacing.
CONCLUSIONS
The following conclusions are drawn from this study (i) There exists a critical value of chip flow Vf at which a transition occurs from continuous chip to discontinuous localized chip. (ii) The cutting speed and feed rate play different roles in the formation of localized chip. The shear band width decreases rapidly with the increase of cutting speed and increases slightly with the increase of feed rate. (iii)The predicted shear band spacings agree very well with the experimental results. It is found that the shear band spacing increases almost linearly with the feed rate and decreases with the cutting speed. (iv) The strain gradient effect should be readily considered in order to obtain more accurate results, especially for the case of highly localized discontinuous chip formation.
